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Abstract: Using the Maxwell-Garnett theory, the evolution of the refractive index of titanium 
dioxide (TiO2) doped with zinc sulfide (ZnS) particles is presented. The presence of the nano-objects 
in the host matrix allows us to obtain a new composite material with tunable optical properties. We 
find that the filling factor of ZnS nanoparticles greatly alters photonic band gaps (PBGs). We have 
calculated also the photonic band structure for electromagnetic waves propagating in a structure 
consisting of ZnS rods covered with the air shell layer in 2D hexagonal and square lattices by the 
finite difference time domain (FDTD) method. The rods are embedded in the TiO2 background 
medium with a high dielectric constant. Such photonic lattices present complete photonic band gaps 
(CPBGs). Our results show that the existence of the air shell layer leads to larger complete photonic 
gaps. We believe that the present results are significant to increase the possibilities for 
experimentalists to realize a sizeable and larger CPBG. 
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1. Introduction 
Photonic crystals (PCs) [1, 2] are artificial 
materials with a periodically modulated dielectric 
permittivity. They scatter photons in manner similar 
to the scattering of electrons in the semiconductor  
[3, 4]. Light propagation in the PC can be inhibited 
for a certain frequency range resulting in the 
creation of the photonic band gap (PBG). The 
formation of PBGs can be controlled by geometrical 
parameters such as lattice types and the period, as 
well as by choosing the constituent materials and 
their refractive index contrast. One of the most 
interesting properties of PCs is that they can be 
designed to possess a complete photonic band gap 
(CPBG): a frequency region where the light is 
totally reflected for both polarizations and all 
directions of the propagation. This may bring about 
some remarkable physical phenomena such as 
waveguides, micro-cavities, laser physics, and 
optical communication. In this paper, we study the 
optical properties of TiO2 in the presence of ZnS 
nanoparticles. Titanium dioxide has attracted much 
attention in the past as its chemical stability, high 
refractive index allow it to be used as components in 
optoelectronic devices, sensors, and photocatalysts 
[5]. ZnS with wide and direct band energies of   
3.7 eV has attracted much interest of researches 
because of its excellent properties of luminescence 
[6] and photochemistry [7]. Its applications in PC 
devices operating in the visible and near infrared (IR) 
region due to high refractive indices and large band 
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gaps make it highly transparent in the visible region 
[8]. We have calculated the photonic band gaps in 
one-dimensional (1D) photonic crystals of 
alternating layers of the composite material 
(ZnS+TiO2) on the TiO2 substrate. We have 
investigated the influence of the volume fraction 
occupied by ZnS nanoparticles in the TiO2 matrix on 
PBGs. 2D core-shell photonic crystals, square and 
hexagonal lattices for which the effect of the 
thickness of the shell layer exists between the ZnS 
rods and the background on the CPBG are studied 
also in this paper. Core-shell PCs are composed of 
core-shell particles (3D) or rods with the cladding 
(2D) [9–12]. Details of the calculations and 
discussion of the results will be presented in the 
remainder of the paper. 
2. Determination of optical index of the 
composite material using the Maxwell 
-Garnett theory 
In this section, we will demonstrate that it is 
possible to modify and tune the optical properties of 
a TiO2 matrix doped with ZnS nanoparticles. To 
define the dielectric permittivity, ( )  , of such a 
new composite system, ZnS+TiO2, we use the 
Maxwell-Garnett theory [13]: 
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where εn(ω) is the dielectric permittivity of the ZnS 
nanoparticle, εm is the dielectric permittivity of the 
TiO2 matrix, and ƒ is the volume fraction occupied 
by ZnS nano-objects. We can deduce the real and 
imaginary parts of   by the expression: 
( ) ( ) i ( )        .          (2) 
The complex refractive index of a composite 
material can be computed with (3) [14]: 
in n k  .                (3) 
Equations (2) and (3) are not independent. The 
relation between n  and   is 
2n                     (4) 
with real and imaginary parts: 
2 2n k                  (5) 
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Equation (1) can be applied to all types of 
dielectric matrices containing various kinds of 
small-particle inclusions [14]. Figure 1 shows a 
schematic structure of ZnS nanoparticles distributed 
randomly in the TiO2 matrix. The fact that the 
optical index of ZnS has nonzero imaginary part in 
the visible region implies that the material will 
absorb the light passing through its region. However, 
TiO2 remains transparent at the wavelength 
investigated. 
 
Fig. 1 Schematic structure of TiO2 matrix containing ZnS 
nanoparticles. 
To describe the optical properties of the new 
composite material (ZnS grains in the TiO2 matrix) 
with different filling factors ƒ, we use the 
Maxwell-Garnett (MG) theory [13]. The results are 
shown in Figs. 2(a) and 2(b). These results clearly 
show that the filling factor has an obvious influence 
on the real and imaginary parts of the optical index 
of the MG composite. We can have a decrease of 
7.25% for the real part of ñ when ƒ ranges from 25% 
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to 65% at the wavelength of 0.6199 μm, shown in 
Fig. 2(a). 
Firgure 2(b) shows absorption spectra in the 
visible range, and these, as can be observed, are 
more prominent when ƒ increases. These absorption 
bands are the ZnS nano-objects signatures in the 
TiO2 matrix. 
It means that the nanocomposite material has 





Fig. 2 Modification of the (a) real part and (b) imaginary part 
of the composite optical index ñ of the TiO2 matrix doped with 
ZnS particles. 
3. 1D photonic band modulation effects 
due to the nanoparticles concentration 
We model the ZnS nanoparticles in the TiO2 
matrix as a layer with an effective dielectric 
permittivity   obtained by the Maxwell-Garnett 
formula [13]. To illustrate the influence of the 
nanoparticle concentration on the PBG, we have 
calculated band structures in one-dimensional PC of 
alternating layers of the ZnS+ TiO2 and TiO2 on the 
TiO2 substrate as schematically shown in Fig. 3. This 
periodic structure can be realized by the phase mask 
or an interferogram, as has been done with Ag 
particles in the gelatine [15]. The thickness of the 
considered layers of the host matrix and the 
composite material are 50 nm and 60 nm, 
respectively. The surrounding medium has a 
dielectric permittivity εm=8.585 [16] at the 
wavelength (λ) of 575 μm. We consider only normal 
incidence of the electromagnetic wave on the PC. 
Figures 4(a) and 4(b) show the PBGs for ƒ=65% and  
 






Fig. 4 Photonic band structure of 1D PC consisting of 
ZnS+TiO2 and TiO2 layers for (a) ƒ=65% and (b) ƒ=35%. 
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ƒ=35%, respectively. Results are presented in terms 
of frequencies a/2πc = a/, where a is the lattice 
constant, c is the speed of the light in a vacuum, and 
λ is the vacuum wavelength. From the Fig. 4(a), one 
may observe 2 CPBGs in the frequency ranges of 
(0.1754–0.1908) a/2πc for the first gap G1 and 
(0.5416–0.5567) a/2πc for the 2nd gap G2. 
4. 2D photonic band modulation effects 
due to the thickness of the shell layer 
To analyze the variation in the size of the CPBG 
with the various thicknesses of the interfacial layer, 
we consider the following two structures: 
(1) PC composed of the hexagonal lattice of 
circular ZnS rods surrounded by the air in the TiO2 
matrix as shown in Fig. 5(a). 
(2) PC composed of the square lattice of circular 
ZnS rods surrounded by the air in the TiO2 matrix as 
shown in Fig. 5(b). 
Figure 5(c) shows the diagrammatic presentation 
of the regular core-shell rod. Parameters rc and rs 
denote the radius of the internal rod and the external 
of the shell layer. The thickness of the shell layer is 













Fig. 5 Schematic representation of the 2D core-shell 
photonic crystal: (a) the hexagonal lattice, (b) the square lattice, 
and (c) the diagrammatic presentation of a regular core-shell 
rod. 
4.1 Hexagonal lattice 
Firstly, the analysis has been done for the 
photonic crystal structure composed of the 
hexagonal lattice of ZnS rods surrounded by the air 
layer as shown in Fig. 5(a). Parameter a is the space 
between the centers of two nearest-neighbour rods. 
The dielectric permittivities of the inner rod and the 
outer shell-layer are fixed to be εc=5.64 [16] and 
εs=1, respectively, at the wavelength of 575 μm. The 
permittivity of the surrounding medium εm=8.58 [16] 
is greater than that of the shell layer. 
The photonic bands of 2D PCs are calculated 
using the finite difference time domain (FDTD) 
[17]. 
The bands for transverse-electric (TE) and 
transverse-magnetic (TM) polarization modes are 
traced along the Г–Μ–Κ–Г path edge for the 
Brillouin zone. 
We can see from Figs. 6(a) and 6(b) that there is 
only one CPBG in the frequency range, originating 
from the overlap of H1-2 and E2-3 gaps. We denote the 
gap by En (respectively Hn ) occurring between the 
n-th and the (n+1)-th bands of E (respectively H) 
polarization. 





Fig. 6 Photonic band structure for TE and TM polarization 
modes in the 2D hexagonal lattice of ZnS rods covered with the 
air shell layer for (a) ts = 0.46a and (b) ts =0.39a. 
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the inner rod radius rc=0.01a, the outer radius     
rs =0.47a and the shell thickness ts=0.46a, for which 
the CPBG achieves its maximum relative width of 
∆w/wg=6.9%, where ∆w and wg are the frequency 
width and the middle frequency of the gap, 
respectively. No we consider the internal radius    
rc = 0.08a,  rs = 0. 47a  and ts = 0.39a. 
Figure 6(b) shows the dispersion curves for this 
case. The width of the CPBG is ∆w/wg=2% and 
decreases brusquely because of the reduced air 
filling factor. Figure 7 indicates the photonic gap 
map of a 2D hexagonal lattice of ZnS rods covered 
with the air shell layer, where the spectral widths are 
plotted against the rod radius rc/a. The CPBG 
disappears completely when the rods are not covered 
by air layers. 
 
Fig. 7 Photonic gap map for the hexagonal lattice of ZnS 
rods covered with the air shell layer in the TiO2 background  
(rs = 0.47a). 
The critical value of ts, for which the width of 
the CPBG appears, is 0.384a (rc/a=0.086). For ts 
greater than 0.384a, the width of the CPBG 
increases. The largest width of the CPBG can be 
obtained around rc/a=0.01 (ts=0.46a). Hence, it 
seems that the full PBG width is strongly affected by 
the thickness of the interfacial layer. The result 
demonstrates that the CPBG is enlarged when the 
ZnS rods are covered by the air shell layer. 
4.2 Square lattice 
In this section the effect of the thickness of the 
shell layer on the CPBG for the square lattice of ZnS 
rods surrounded by the air as shown in Fig. 5(b) is 
investigated. The structural parameters are the same 
as in Section 4.1. The CPBG is opened up from the 
overlap between of H2-3 and E3-4 gaps. As shown in 
Figs. 8(a) and 8(b), the square arrangement of ZnS 
rods covered with the air shell layer exhibits a very 
narrow CPBG. Figure 8(a) represents the band gap 
structure for rc=0.02a, rs=0.47a and ts=0.45a. Only 
one tiny CPBG exists and achieves its greatest 
relative width of ∆w/wg=1.28%. 
Now consider the case when rc is 0.044a and ts is 
0.426a, the relative width of the CPBG is 
∆w/wg=0.8%. Figure 8(b) clearly illustrates that the 
width is reduced from that in Fig. 8(a). The photonic 
gap map of a 2D square lattice of ZnS rods covered 
with the air shell layer is shown in Fig. 9. The width 





Fig. 8 Photonic band structure for TE and TM polarization 
modes in the 2D square lattice of ZnS rods covered with the air 
shell layer for (a) ts=0.45a and (b) ts=0.426a. 
and the overlap between H2-3 and E3-4 gaps 
diminishes when rc increases, and at large values of 
rc, the width of the CPBG narrows down and then 
closes when rc goes beyond 0.058a (ts is lower than 
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0.412a). The photonic band-structure calculations 
demonstrate that the width of the CPBG is governed 
by the thickness of the shell layer. 
The presence of an interfacial air layer 
surrounding the ZnS rods has an obvious influence 
on the width of the CPBG for the square lattice 
structure. The relative width of the CPBG increases 
with an increase in the thickness of the shell layer. 
Therefore, in order to obtain the largest CPBG, we 
should suitably choose the thickness of the air shell 
layer. 
 
Fig. 9 Photonic gap map for the square lattice of ZnS rods 
covered with the air shell layer in the TiO2 background (rs = 
0.47a). 
5. Conclusions 
We have theoretically demonstrated the 
possibilities of the adjustment of optical properties 
of the TiO2 matrix in the presence of ZnS 
nano-objects. The changes in the refractive index 
allows us to obtain a new composite material which 
can have adjustable PBGs. The effect of ZnS 
nanoparticles in the host matrix on the PBG 
structure is investigated. Our results imply that the 
CPBG can be enlarged by adding ZnS inclusions in 
the background matrix. Complete photonic band 
gaps in 2D hexagonal and square lattices 
considering an interfacial layer between the ZnS 
rods and TiO2 matrix have been studied. Photonic 
band-structure calculations reveal a strong effect  
of the thickness of this interfacial layer on complete 
photonic gaps. If the thickness of the shell     
layer decreases until it reaches a certain threshold 
value, the CPBG begins to narrow down until it 
disappears completely. This implies that the 
existence of the air shell layer leads to larger 
complete photonic gaps in the two cases (hexagonal 
and square lattices). 
We believe that the present results are significant 
to increase the possibilities for experimentalists to 
realize a larger CPBG. 
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